Due to strong light scattering in tissue, both the spatial resolution and maximum penetration depth of opticalresolution photoacoustic microscopy (OR-PAM) deteriorate sharply with depth. To reduce tissue scattering, we propose to use glycerol as an optical clearing agent in OR-PAM. Our results show that the imaging performance of OR-PAM can be greatly enhanced by optical clearing both in vitro and in vivo.
Photoacoustic microscopy (PAM) is a recently developed imaging modality that can provide structural [1] , molecular [2] , functional [3] [4] [5] , and metabolic information [6] . Based on its focusing mechanism, PAM can be divided into two different implementations: acoustic-resolution PAM and optical-resolution PAM (OR-PAM) [1] . In OR-PAM, the lateral resolution is determined by the diffraction-limited optical focusing. As photons travel in tissue, the focusing capability degrades due to optical scattering. In addition, the maximum penetration depth of OR-PAM in biological tissue is mainly limited by the optical transport mean free path, affected by both absorption and scattering. Since the tissue scattering is typically an order of magnitude larger than the absorption, it is the scattering that predominantly limits the penetration depth of OR-PAM [7] .
To reduce the scattering, tissue optical clearing (TOC) techniques have been widely used in many highresolution optical imaging modalities, such as laser speckle contrast imaging and optical coherence tomography [8] . The basic mechanism of TOC is to diffuse a high-refractive-index optical clearing agent (OCA) into the tissue, which reduces the refractive index mismatch between intracellular components and extracellular fluids and thus decreases the scattering. In addition, tissue dehydration caused by OCAs has also been used to explain TOC [8] : on one hand, it increases refractiveindex matching due to decreased volume fraction of free water in the interstitial fluid; on the other hand, it increases packing of scatters, which may engender spatial correlations between scatterings, both of which reduce scattering further. In this Letter, for the first time, we demonstrate that both the imaging depth and lateral resolution of OR-PAM can be enhanced by using a glycerol-water solution (88% vol./vol.), which is a commonly used OCA in TOC.
We implemented this idea on a previously reported OR-PAM system (Fig. 1) . Briefly, a tunable dye laser (CBR-D, Sirah, GmbH) pumped by a Nd:YLF laser (INNOSAB, Edgewave, GmbH) was the light source. After being focused by a condenser lens, filtered by a pinhole, and reflected by a mirror, the laser beam was finally focused by an objective lens into the sample. shows the average total PA signal amplitude from the coin versus time; after 250 min, the amplitude increased more than threefold over the baseline value. Note that the PA signals were still increasing at the point when we stopped the experiment. This phantom experiment clearly illustrates that the scattering of the tissue was reduced by optical clearing, and thus the penetration depth was enhanced. Figs. 3(d)-3(f) . The averaged PA amplitude had increased by about eight times after optical clearing.
We also quantified the optical clearing effect along the depth direction, as shown in Figs. 3(g) and 3(h). To quantify the total signal enhancement after optical clearing, the averaged PA signal amplitude along the depth was calculated and is shown in Fig. 3(i) . Based on Beer's law, the fitted attenuation coefficients before and after optical clearing were 57.4 and 103.1 cm −1 , respectively. At first glance, the attenuation appears to have increased after optical clearing. However, since dehydration due to optical clearing caused the total thickness of the tissue to decrease by about 2.57 times [Figs. 3(g) and 3(h)], the scatter and absorber number density should increase by about 2.57 times. If both the scattering and absorption cross section had remained constant after optical clearing, the attenuation coefficient should have increased by 2.57 times rather than the 1.80 times observed in the experiment. Thus, the scattering or absorption cross section was reduced after optical clearing. Because optical clearing did not affect the absorption cross section, we concluded that the 0.77 times less increase in the attenuation coefficient resulted from the decrease in the scattering cross section. Figures 3(j) (Media 1) and 3(k) (Media 2) show 3D renderings of the mouse scalp before and after optical clearing, respectively.
The enhanced PA detection sensitivity after optical clearing enabled better capillary imaging [ Fig. 3(b) ]. Figs. 3(a) and 3(b) , respectively. The large vessels in the periphery of both images indicate that they are from the same area in the mouse scalp. As shown in Fig. 4(a) , very few capillaries can be detected before optical clearing. However, after optical clearing, more capillaries can be distinctly observed, as shown in Fig. 4(b) . As shown in Figs. 4(c) and 4(d), the vessel density increased by about 10 times after clearing, and the averaged PA signal amplitude from individual capillaries increased by a factor of 22. The much denser capillaries and stronger PA amplitudes in Fig. 4(d) indicate that, after optical clearing, the local laser fluence at the capillaries was increased. There were two possible reasons for the increased local laser fluence:
(1) enhanced focusing on these capillaries due to the dehydration-induced shrinkage of the tissue and (2) reduced scattering loss. As shown in Fig. 3(i) , because of dehydration, the averaged thickness of the tissue decreased from about 0.88 to 0.37 mm. Assuming the light beam intensity had a Gaussian shape, we estimated that the average fluence increase caused by shrinkage was about 5 times. Therefore, we can conclude that the remaining 4.4-fold increase of the PA signal amplitude was due to the decreased scattering coefficient. Because the background noise remained constant during the experiment, the noise-equivalent sensitivity depended only on the PA signal amplitude. Therefore, sensitivity should also increase 4.4 times due to the decreased scattering coefficient. We further analyzed the lateral resolution enhancement after optical clearing. By zooming in on the deeper vessels in Figs. 3(a) and 3(b) , we found that the vessels before optical clearing were much more blurred than those after optical clearing, as shown in Figs. 5(a) and 5(b). Again, the averaged PA amplitude was increased by about 5 times [Figs. 5(c) and 5(d)]. More importantly, we also estimated the lateral resolution improvement by comparing the vessel diameters. As shown in Fig. 5 (e), a representative vessel had nominal diameters of 75 and 30 μm before and after clearing, respectively. We can see that measured vessel diameter decreased at least by 2.5 times after optical clearing. Because the measured vessel diameter was the convolution of the actual lateral resolution with the true vessel diameter, the actual resolution improvement should be better than 2.5 times.
There are several widely used OCAs, such as glycerol [8] , glucose [9, 10] , and propylene glycol [11] . Among these agents, glycerol has both good clearing efficiency and a long effective time. In addition, because glycerol has also been widely used in the medical, pharmaceutical, and chemical fields, it can be easily accessed. Thus, in all experiments, we elected to use glycerol as the OCA to reduce tissue scattering. To achieve a relatively good clearing result and to reduce the potential tissue damage caused by dehydration, a diluted glycerol-water solution (88% vol./vol.) was used [11] . A higher glycerol concentration may enhance the clearing effect with a higher risk of tissue damage [12] .
Because glycerol penetrates very slowly through epidermal tissue, we directly injected the glycerol solution into the tissue to accelerate optical clearing. However, injection may lead to side effects, such as bleeding and edema [12] . To use glycerol without injection, we can explore either physical or chemical approaches, such as using a microneedle array or a dimethyl sulfoxide (DMSO) admixture, respectively [8] . Because high-concentration glycerol may block blood flow [13, 14] , other safer optical clearing media, such as PEG-400 mixed with thiazone [15, 16] , should be explored in the future.
To the best of our knowledge, this is the first time that optical clearing was applied to PAM. Our results show that both the penetration depth and lateral resolution of PA imaging can be enhanced by TOC. For backscattering-based optical imaging modalities such as optical coherence tomography, optical clearing can provide deeper penetration depth as well. However, it may destroy some of the intrinsic scattering contrasts that these modalities rely on, which can result in potential information loss. By contrast, PA imaging is based on optical absorption with 100% sensitivity [1] . Since the optical absorption cross section of the substance (e.g., hemoglobin) remains largely intact in the optical clearing procedure, information loss is avoided. Not only can PA imaging benefit from optical clearing, it can also be used to study the physiological effects induced by optical clearing. With enhanced penetration depth and resolution, PAM will become more valuable for structural, molecular, functional, and metabolic imaging. 
